Collaborative Indo-Swiss research on permafrost has thrown new light on this rarely studied component of the Indian Himalayan cryosphere. Under a pilot study, first maps of estimated permafrost distribution in Kullu district, Himachal Pradesh, India have been produced, using a combination of simple topographic and climatic principles, more sophisticated numerical modelling, and mapping of permafrost indicators. Overall, 9% (420 sq. km) of the land area in Kullu is classified as permafrost terrain, extending down to as low as ~4200 m amsl in isolated instances. Between ~4200 and 5000 m amsl, permafrost underlies a surface area comparable in size to that overlaid by glacier ice. Hence, permafrost is identified as a significant component of the local cryosphere. These results now provide a scientific basis for assessing the wideranging potential impacts, hazards and risk associated with warming and thawing of frozen ground, with relevance for climate change adaptation studies across the entire Himalaya.
PERMAFROST is described as an essential climate variable by the World Meteorological Organization, yet little research on its occurrence and related landforms in the Indian Himalayan Region (IHR) has been reported so far [1] [2] [3] . Therefore, Indo-Swiss collaboration (within the Indian Himalayas Climate Adaptation Programme (IHCAP)) has recently been initiated to generate a first estimate of permafrost distribution in mountain areas of Kullu district, Himachal Pradesh, India, while strengthening local scientific capacity to ensure that the methodologies can be outscaled to the larger IHR. The methodology of the permafrost pilot study in Kullu, some preliminary results, and possible future activities are discussed in this research communication.
Permafrost refers to any ground material that remains at or below 0C for at least two consecutive years 4 . Due to the close coupling between atmospheric and ground temperatures, permafrost is warming in many regions in response to global climate change 5 . The thawing of permafrost can have widespread impacts relating to destabilization of steep slopes, changes in subsurface hydrology, and increased sediment load in rivers 6, 7 . As a consequence, permafrost thawing can strongly affect regional livelihoods, infrastructure and economies, and presents a particular threat to the rapidly expanding hydropower sector. There may also be benefits, as water released from slowly thawing permafrost may offset some of the diminished glacier resources in the mid to late 21st century, although this contribution is poorly constrained 8 . Therefore, determining the likely spatial extent of permafrost should be considered a fundamental component of any high mountain hazard and risk assessment. As subsurface temperatures are difficult and expensive to measure, permafrost extent is commonly inferred from measured and modelled air and ground surface temperatures. A firstorder estimate of permafrost distribution for the entire Hindu Kush Himalayan region is provided by the ~1 km resolution Global Permafrost Zonation Index 9 . This approach shows good agreement with a randomly mapped sample of rock glaciers (a distinctive landform indicative of permafrost) across the Hindu Kush Himalaya, where minimum rock glacier elevations extend between 3500 and 5500 m amsl (ref.
3). However, for impact-relevant studies of permafrost, baseline information at higher spatial resolution is required that should include the influence of local climate and topography on ground temperature.
Kullu district is positioned in the western Himalaya ( Figure 1 ) and is characterized by a sub-tropical monsoon climate. Largest glaciers occur above the Parbati river valley, a tributary of River Beas, and within the adjacent Great Himalayan National Park. High mountain peaks extend above 6500 m amsl, with typical debris-covered glacier snouts extending down to 3900-4450 m amsl. In response to atmospheric warming over the past century, glaciers in Kullu have fragmented and significantly reduced in size 10 . Our methodology for estimating permafrost distribution across Kullu draws on two modelling approaches with contrasting levels of sophistication. The first simple approach is based on fundamental European research beginning in the 1970s, which identified mean annual air temperature (MAAT) and slope topography as key factors governing permafrost distribution 11 . In Kullu, the local elevation of the 0C MAAT isotherm was calculated from station data at Bhuntar (a central location at 1089 m amsl in the study region) and adjusted to all 30 m grid-cell elevations using a lapse rate of 5.6C km -1 established from nearby station data at Manali (2050 m amsl) (see locations in Figure 1 ). Simple, empirically derived rules then provide a broad estimate of where permafrost is likely to occur based on topographic influences on solar radiation and snow thickness. These rules suggest that permafrost is most likely to be found at elevations some hundreds of metres above the 0C isotherm (particularly on slopes with high insolation), but more rarely, it can also be found at considerably lower elevations (with MAAT >0C) in the most topographically favourable situations, e.g. in shaded locations at the foot of steep slopes where late-lying snow can insulate from warm summer temperatures 12, 13 . Such basic rules defining permafrost limits should not be simply transferred to the Himalayan setting. However, they provide a useful starting point for introducing and discussing topographic controls on ground temperature, and thereby set the stage for use of physically based numerical models that explicitly capture these driving processes. In a second, more sophisticated approach, such state-of-the-art numerical models were driven by downscaled atmospheric datasets (ERA-Interim), enabling large area simulations of the surface/subsurface at high spatial resolution (downscaled to ASTER 30 m DEM) 14, 15 . The initial modelled area of 24,000 sq. km is centred on high mountain terrain of Kullu district, and permafrost conditions are inferred where modelled mean annual ground surface temperature (MAGST) is below 0C (Figure 1) .
Preliminary results indicate that permafrost may extend down to 4200 m amsl in favourable instances, which compares favourably with the observed lower elevation limit from the ca. 60 mapped rock glaciers in Kullu district (interquartile range 4280-4560 m amsl), and approximate lower limits to permafrost distribution established in relation to the local 0C MAAT isotherm (Figures 1-3 ). This general consistency is promising, although it must be emphasized that in addition to the presence of permafrost, rock glaciers require other climatic, hydrological and geomorphological conditions to develop 16 . Therefore, the absence of rock glaciers, as seen in the heavily glaciated northeastern area of Kullu (Figure 1 ), does not indicate an absence of permafrost. Also, due to their slow dynamical downslope motion, the lower limit of rock glaciers does not necessarily correspond directly with the lower limit of permafrost; therefore, the rock glacier zone can extend down below current expected permafrost limits (Figure 3) .
In total, around 9% (420 sq. km) of the modelled land area in Kullu district (excluding glaciers) is classified as permafrost, and between ca. 4200 and 5000 m amsl permafrost underlies a surface area comparable in size to that overlaid by glacier ice (Figure 3) . Hence, permafrost is identified as a significant component of the local cryosphere. Given that MAAT over Kullu has warmed by up to 2C over the past century 17 , it is almost certain that permafrost distribution has altered substantially over recent decades. For example, other studies have recorded an increase in lower elevation limits of permafrost of up to 80 m in the Tibetan Plateau 7 , and up to 300 m in the Khumbu region of Nepal 18 since the 1970s. Such a significant shift implies that slopes within certain critical elevation zones have recently thawed completely, or are continuing to thaw at depth (owing to an offset between surface warming, and warming at depth 19 ), with implications for hazards and risk.
More than 50% of the modelled permafrost land area in Kullu is characterized by slopes less than 35, a threshold commonly used to distinguish debris-covered slopes from steeper bedrock. Thawing of permafrost in such regions is a potential hazard that could lead to debris instabilities and increased sediment load in waterways and reservoirs, particularly during heavy monsoon rain, or snowmelt, or following large earthquakes. Permafrost also appears to be of potential relevance for all glacier lakes in the area, which are located within or immediately beneath permafrost terrain (Figures 1 and 3) . Thawing of permafrost may destabilize lake dams, and rockfall or debris flows from surrounding slopes may cause overtopping waves or block outlet channels. Such concerns were not included in previous glacier lake outburst flood (GLOF) hazard assessment schemes in IHR 20, 21 . The preliminary results presented here should be treated cautiously in the absence of comprehensive field validation. While some initial evaluation has been completed using mapped rock glaciers as indicators of permafrost, field validation is now required to improve confidence and enable outscaling of our modelling approaches to larger remote and data-poor mountain regions. A toolbox of permafrost measurement and monitoring techniques is available and applications should be prioritized based on available resources and local objectives. Cost-effective, miniature temperature data-loggers can record ground surface temperatures at high spatial and temporal resolution 22 , and are required to validate modelled MAGST, the proxy that we are using to infer permafrost conditions. Direct validation of permafrost occurrences can only be based on temperatures measured at depth or geophysical techniques that can determine the presence of ground ice 23 . Other methods based on repeated digital terrain mapping or high precision GPS can identify surface deformation related to the activity of *For correspondence. (e-mail: anilkulkarni@caos.iisc.ernet.in) rock glaciers or thawing of frozen ground 24 . In general, field campaigns should be targeted towards critical locations, e.g. where lakes are dammed in permafrost terrain, and ideally areas where there is good access in view of long-term monitoring and repeat visits.
The Kullu pilot study has provided some preliminary understanding of the possible extent and relevance of permafrost in this region. Scientific partnerships established within this study now provide a sound basis for formulating further measurement and monitoring projects that may extend across the wider Himalayan area in future.
